The development of resistance by Plasmodium falciparum to conventional drugs poses a threat to malaria control. There is therefore a need to find new, effective, and affordable remedies for malaria, including those derived from plants. This study demonstrates that crude, reverse-phase high-pressure liquid chromatography (RP-HPLC)-semipurified, and RP-HPLC-purified root extracts of Fagara zanthoxyloides inhibit the growth of P. falciparum in vitro, with 50% inhibitory concentrations (IC 50 s) of 4.90, 1.00, and 0.13 g/ml, respectively. Roots of F. zanthoxyloides, known as chewing sticks, are widely used for tooth cleaning in West Africa. Microscopic examination of Giemsa-stained slides showed a virtual absence of schizonts in ring-stage synchronized cultures treated with crude extracts at concentrations of 30 to 60 g/ml during 36 to 48 h of incubation. These observations suggest that the active constituent in the extract may be cytotoxic for P. falciparum trophozoites, thereby inhibiting their development to the schizont stage. A pure bioreactive fraction was subsequently obtained from the chromatographic separations. When this fraction was mixed with pure fagaronine, the mixture coeluted as a single peak on the analytical RP-HPLC column, suggesting that fagaronine may be the active antimalarial constituent of Fagara root extracts. Additional experiments showed that fagaronine also inhibited P. falciparum growth, with an IC 50 of 0.018 g/ml. The results of this study suggest that the antimalarial activity of fagaronine deserves further investigation.
Malaria represents a major cause of childhood mortality and adult morbidity in many parts of the world. Recent estimates indicate that 300 to 500 million clinical episodes of malaria occur worldwide every year (5, 25) . Severe anemia, cerebral malaria, respiratory distress syndrome, and low birth weight are among the complications that contribute to the 25 to 30% malaria-attributable deaths for children under 5 years of age in Africa (13) . Studies have also shown that about one million children may die each year from malaria-associated anemia alone and that up to 600,000 children succumb to cerebral malaria annually, with an estimated case fatality rate of about 20% (6, 7, 13) . Low birth weight, resulting from maternal placental malaria infections, also contributes about 400,000 deaths annually to malaria mortality (19) .
Efforts to reduce the high malaria mortality and morbidity rates have been hampered by the development of resistance, particularly by Plasmodium falciparum, to long-standing inexpensive conventional drugs, such as chloroquine (24) . It is noteworthy that quinine and qinghaosu, which are drugs derived from indigenous plants in South America and China, respectively, are relatively unlikely to induce resistance on the part of the malaria parasite. While the major proportion of malaria-attributable deaths occurs in sub-Saharan Africa, neither of these plant-derived drugs are indigenous to the region. We present here the results of a study that examined the antimalaria properties of crude and purified root extracts of Fagara zanthoxyloides, an indigenous plant that is widely used as chewing stick for tooth cleaning in West Africa. The study specifically examined the inhibitory effects of the extracts on the developmental stages of in vitro cultures of P. falciparum.
MATERIALS AND METHODS
Plant extracts and fractionation. The plant used in the study, F. zanthoxyloides, was obtained from and authenticated at the Arboretum of the Obafemi Awolowo University, Ile-Ife, Nigeria. The roots were washed, air dried, pulverized into powder form, and extracted in cold deionized water (20 g/l00 ml of H 2 O) for 24 h by mechanical stirring. The aqueous extracts were centrifuged twice at 800 ϫ g for 15 min to remove particulate materials. The supernatants were filter sterilized (0.45-m-pore-size; Millipore Corp., Bedford, Mass.) and freeze-dried overnight in a Labconco lyophilizer. The dried powder, representing the crude extract, was analyzed and further purified with standard reverse-phase high-pressure liquid chromatography (RP-HPLC), with UV detection set at 280 nm. The column stationary phase was Supelcosil ABZϩPlus, 5 m (15 cm by 4.6 mm for the analytical column and 25 cm by 10 mm for the semipreparative column). The mobile phase was prepared as a gradient mixture of 0.1% aqueous trifluoroacetic acid (solvent A) and 0.1% trifluoroacetic acid in acetonitrile (solvent B). For the analytical column, a gradient elution (100% solvent A to 70% solvent A:30% solvent B over 30 min, then to 100% solvent B over 15 min, and then back to 100% solvent A over 15 min) was used at a flow rate of 1.5 ml/min. A sample of pure fagaronine was obtained from the National Cancer Institute (Bethesda, Md.) and analyzed with this chromatographic system. The initial semipreparative purification of the Fagara crude extract was performed at a flow rate of 6.0 ml/min by using a gradient elution (100% solvent A to 70% solvent A:30% solvent B over 30 min, then to 100% solvent B over 15 min, and then back to 100% solvent A over 15 min). The peaks obtained from this initial fractionation were pooled into four separate fractions and assayed for antimalarial activity. Fraction 4, the only one showing activity against the in vitro P. falciparum culture, was further purified on the semipreparative column at a flow rate of 3.0 ml/min by using a gradient elution (90% solvent A:10% solvent B to 70% solvent A:30% solvent B for 30 min, then to 100% solvent B over 5 min, and then to 100% solvent A over 5 min). Seven fractions were collected from this elution. These fractions were tested along with a control sample of pure fagaronine for malaria growth-inhibitory properties.
P. falciparum cultures. P. falciparum strain 3D7 was used in all experiments. Parasites were maintained in cultures of RPMI 1640 medium supplemented with 25 mM HEPES, 23 mM NaHCO 3 , 10 mM glucose, 10% (vol/vol) heat-inactivated human plasma (O ϩ or A ϩ ), and washed human erythrocytes (A ϩ ) at 2%
hematocrit (21) . The growth medium was replaced daily, and cultures were gassed with a mixture of 90% N 2 , 5% CO 2 , and 5% O 2 . Synchronization to the ring stage was achieved by lysis of cells bearing mature parasites with isosmotic solution containing 300 mM alanine and 10 mM Tris-HCl, pH 7.4 (9) . Alanine lyses erythrocytes infected with the trophozoite stage parasite, leaving intact only erythrocytes with ring-stage parasites. The morphological characteristics of the parasites and the level of parasitemia were determined by microscopic examination of Giemsa-stained thin blood smears. Effects of Fagara extracts. The effects of the crude Fagara extract on the growth and the stage-specific development of the in vitro parasite cultures were determined as follows. Erythrocyte suspensions with ring-stage synchronized parasites were distributed in triplicate into 24-well plates at 2% parasitemia and 2% hematocrit. Fagara crude extracts were added at final concentrations of 30 and 60 g/ml. The cell suspensions and the extracts were mixed and incubated at 37°C in a candle jar for 51 h. Aliquots were taken from each well every 3 h for preparation of Giemsa-stained thin smears. The stage distribution of parasite development and the degree of parasitemia were determined by microscopic examination of the smears. For each smear, the number of rings, trophozoites, and schizonts were counted per approximately 1,000 erythrocytes. The total parasitemia was an arithmetic sum of rings, trophozoites, and schizonts at each time point.
IC 50 determinations. The effects of crude extracts of Fagara and of extracts purified to various degrees by RP-HPLC on the growth of ring-stage synchronized malaria cultures were determined by incorporation of [ 3 H]hypoxanthine. The extracts were added at various concentrations in triplicate wells and incubated in a candle jar at 37°C for 24 h. [ 3 H]hypoxanthine was then added to each well at a final activity of 5 Ci/ml. After an additional 24-h incubation period, the cells were harvested onto filters, dried in the oven, transferred to vials with the scintillation fluid fluosafe (Fisher Scientific Co., Norcross, Ga.), and counted on an LS5000CE scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). Fifty percent inhibitory concentrations (IC 50 s) of the various extracts were calculated from dose-response curves by using the best sigmoid fits obtained with the program Origin (Microcal Software Inc., Northampton, Mass.). The IC 50 was defined as the concentration of a Fagara extract that produced 50% inhibition of parasite growth in comparison with a control culture. Mean IC 50 s for the extracts were compared by using two-way analysis of variance.
RESULTS
The development of ring-stage synchronized erythrocytic cultures, incubated with Fagara extracts over 51 h, is shown in Fig. 1 . The cultures were treated with two concentrations (30 and 60 g/ml) of crude Fagara extract to ascertain the morphological changes with Fagara treatment and the possible effects on the stage distribution of parasites. In both Fagaratreated and control cultures, ring parasites declined from 4% at 0 h to Յ0.5% between 24 and 30 h, when rings mature into trophozoites. Also in both cultures, ring parasites remained at less than 0.5% for the remainder of the culture period (Fig.  1A) . Trophozoites appeared between 12 and 36 h in both control and Fagara-treated cultures, with peaks at 24 h (Fig.   FIG. 1 . Effects of Fagara root extracts on in vitro stage distribution of P. falciparum. The figures represent the distributions of ring (A), trophozoite (B), and schizont (C) stages over time. Each data point represents a mean calculated from 10 microscopic fields with a total of 1,000 red blood cells. Fig.  2A . A chromatogram for fractions 1 to 7 from the second separation is shown in Fig. 2C . A chromatogram for pure fagaronine is shown in Fig. 2B .
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EFFECTS OF FAGARA EXTRACTS ON P. FALCIPARUM 265 1B). The exposure of erythrocytic parasites to the two concentrations of Fagara resulted in a smaller number of trophozoites at 36 h compared to untreated control cultures. By 48 h, the trophozoites in control and Fagara-treated cultures had almost completely disappeared. Schizonts appeared in control cultures by 33 h and peaked at 36 h of incubation, and this peak was followed by a decline from 48 to 51 h (Fig. 1C) . However, schizonts were not seen in any cultures treated with 30 and 60 g of crude Fagara extract/ml. Examination of the Giemsastained slides from Fagara-treated cultures revealed vacuolation and a general decrease in the size of mature trophozoites, indicating growth cessation at this developmental stage of the parasite. The incorporation of [ 3 H]hypoxanthine into the nucleic acids of parasites was used to determine the IC 50 s of the crude and the purified extracts of F. zanthoxyloides roots. Table 1 lists the IC 50 s for the crude and purified Fagara extracts, showing values of 0.13 g/ml for the semipurified extract and 0.018 g/ml for the fagaronine sample. The results show a fivefold increase in the bioactivity of fraction 4 from the first RP-HPLC separation compared to the initial freeze-dried crude extract. Concentrations of greater than 30 g/ml totally inhibited [ 3 H]hypoxanthine incorporation into the nucleic acids of parasites. Figure 2 shows the chromatograms obtained when Fagara root extracts were run through the RP-HPLC columns. The initial crude extract was fractionated into the four fractions shown by using the semipreparative column under the same conditions with a flow rate of 6 ml/min. Fraction 4 was the only one that showed antimalarial growth activity, with an IC 50 of 1 g/ml (Fig. 2A) . When pure fagaronine was analyzed under the same analytical chromatographic conditions, a single peak with a retention time of 26 min was obtained (Fig. 2B) . Subsequent purification of fraction 4, using semipreparative RP-HPLC, produced seven additional fractions (Fig. 2C) , of which fraction 3 was the one with antimalarial activity, with an IC 50 of 0.13 g/ml. When this bioactive fraction was mixed with fagaronine, the mixture coeluted as a single peak on the analytical RP-HPLC column, suggesting that fagaronine may be the active antimalarial constituent of Fagara root extracts. Also, fraction 3 from the second HPLC separation showed an increased activity of about 40-fold over that of the initial crude extract. The fraction also shared the same absorbance profile with fagaronine at 280 nm.
DISCUSSION
This study demonstrates that crude, semipurified, and purified extracts of F. zanthoxyloides are effective at inhibiting the in vitro growth and development of the erythrocytic phase of P. falciparum. Microscopic examination of the Giemsa-stained smears showed an absence of schizont development in erythrocyte cultures treated with 30 or 60 g of Fagara crude extract/ml. Furthermore, the Fagara-treated cultures showed vacuolation and decreased size of mature trophozoites, indicating developmental arrest at this stage of the parasite. These observations suggest that the active constituent may be cytotoxic for P. falciparum trophozoites.
F. zanthoxyloides roots are used as chewing sticks in West Africa (14) . They are chewed orally for tooth cleaning by millions of people without any apparent toxicity. It is therefore possible that aqueous extracts of the plant, as used in this study, would not engender human toxicity. Aqueous extracts of several indigenous African plants, as well as fractions extracted with petroleum ether, methanol, and ethanol, have been tested for antiplasmodial activities in various studies (1-3, 10, 22) . In almost all of these studies, the aqueous extracts, which would be closest to the traditional medicinal preparations of indigenous plants, have shown the least antiplasmodial activities. Importantly, the Fagara extracts used in this study, including crude, semipurified, and purified extracts, are all water soluble and therefore physiologically compatible for oral ingestion.
There has been a long-standing interest in the efficacy of Fagara root extracts as antisickling and anticancer agents (12, 18) . Fagaronine is a benzophenanthridine alkaloid that was first isolated from the Fagara root in 1972. Fagaronine inhibits growth and cell differentiation of human erythroleukemia K562 cells and of L1210 murine leukemia cells at an IC 50 of 2.22 g/ml (16) . Another study showed that fagaronine also inhibited the growth of HeLa S3 cells at an IC 50 of 0.39 g/ml.
These values are about 22-to 123-fold higher than the IC 50 of 0.018 g/ml that has been obtained for fagaronine in this study, indicating that the malaria parasite was very susceptible to the compound. There has also been some concern that the drug may be toxic, leading Takanishi et al. (20) to compare the in vivo activities of fagaronine, nitidine, and other alkaloid derivatives against transplantable murine tumor P-388 cells. They reported that fagaronine showed toxicity only at a high pharmacological dose of 75 mg/kg of body weight. A more recent study used the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay, lactate dehydrogenase leakage, and intracellular glutathione levels to compare the cytotoxic effects of fagaronine and other natural quaternary benzo[c-]phenanthridine alkaloids on primary cultures of human and porcine hepatocytes (23) . Based on these separate assays, the investigators found no toxicity with fagaronine-treated cells. Finally, another recent study by Ogwal-Okeng et al. (15) examined the acute toxicity of methanolic extract of the rootbark of F. zanthoxyloides in mice. The 50% lethal dose of the extract was found to be 5.0 g/kg of body weight. These three studies clearly demonstrated the nonphysiological toxicity of fagaronine and its semipurified extracts. Other studies have indicated that fagaronine also acts as an inhibitor of DNA topoisomerases I and II and as a DNA intercalating agent (8) .
The results of our in vitro experiments failed to show that the drug acted on the topoisomerase enzymes of the P. falciparum parasite. It is interesting to put the apparent stage specificity of Fagara extract to the growth of P. falciparum in the context of other plant-derived antimalarials. Quinine, a derivative of the South American plant Cinchona, and qinghaosu, a derivative of the Chinese plant Artemesia, are widely used to treat infections with chloroquine-resistant P. falciparum, the species responsible for the most malaria-associated mortality (4, 11) . Like Fagara extract, quinine is active against mature parasite forms, achieving 80 to 100% growth inhibition within 2 to 4 h of drug exposure (17) . On the other hand, artemisinin, one of the three drugs derived from Artemisia, affects both rings and schizonts, while dihydroartemisinin inhibits the growth of all parasite stages. Artemether inhibits only ring-stage growth (18) .
In conclusion, the results of this study show that extracts derived from Fagara root, which is commonly used as a chewing stick in West Africa, have demonstrable antimalarial activities. The results also show that fagaronine, a derivative of the root extract, inhibited P. falciparum growth at a significantly low IC 50 of 0.018 g/ml. This result suggests that the antimalarial activity of fagaronine deserves further investigation.
